Pristine bilayer graphene is a centrosymmetric material in which parity is a conserved quantity. The high sensitivity of this atomic scale structure to external perturbations that break the inversion symmetry enables significant potentials for device applications. Raman spectroscopy is used here to probe the breakdown of parity conservation in a direct and quantitative manner via a phonon mixing phenomenon. The striking brokensymmetry effects display anticrossing coupling between two opposite parity long-wavelength optical phonons. The spectral intensity transfer between the two observed Raman peaks offers quantitative measurements of the evolution of the phonon wave function and demonstrates a manifestation of broken inversion symmetry in graphene layers. DOI: 10.1103/PhysRevB.80.241417 PACS number͑s͒: 78.30.Na, 63.20.kd, 63.20.kg, 78.66.Tr The inversion center in a crystalline structure is linked to parity as a conserved quantity.
The inversion center in a crystalline structure is linked to parity as a conserved quantity. 1 Pristine bilayer graphene is a prime contemporary example of such centrosymmetric materials. Breaking of parity conservation in this atomic scale structure can be achieved by external perturbations or by fabrication of specific structures at the atomic level. The removal of inversion symmetry in bilayer graphene has important consequences such as the opening of a tunable bandgap. 2, 3 The expectation of remarkable fundamental physics, combined with the promising potential for atomic scale devices, has stimulated intense interest recently in studies of the electronic structure, [4] [5] [6] optical, [7] [8] [9] [10] [11] [12] and vibrational [13] [14] [15] properties of bilayer-graphene structures. Here we report the observation of an optical phonon mixing behavior in bilayer graphene. The effect induced by breaking of inversion symmetry of the pristine graphene bilayer has remarkable manifestations in Raman spectra. To achieve significant symmetry breaking we perform Ramanscattering experiments in a field-effect transistor with a transparent polymer-electrolyte top gate. The results reveal an unexpected anticrossing coupling ͑or mode repulsion͒ of the even-and odd-parity long-wavelength optical lattice vibrations of the unperturbed bilayer. This mode anticrossing and the associated striking spectral intensity transfer between the two modes demonstrate that the parity labeled modes are no longer true vibration eigenstates of a biased graphene bilayer. The mixing of the two long-wavelength optical phonon modes is easily tuned by a gate bias that induces large charge densities reaching well above 10 13 cm −2 . Figure 1 illustrates the rearrangements of carbon atoms and their displacement vectors in the bilayer-graphene structure after the inversion operation. In the long-wavelength limit, the in-plane optical phonons ͑G bands͒ of the two layers couple to an in-phase ͑IP͒ mode and an out-of-phase ͑OP͒ mode. 16 The IP motion is invariant under inversion ͓Fig. 1͑a͔͒ while the OP motion changes sign ͓Fig. 1͑b͔͒. When parity is a good quantum number, as is the case in the unperturbed bilayer graphene, the IP phonon ͑G IP ͒ has even parity and the OP phonon ͑G OP ͒ has odd parity.
The breaking of inversion symmetry achievable with tuning the potential difference between two graphene layers 5,6,9,10 creates a state in which the even-parity ͑Raman-active͒ G IP mode of the unperturbed graphene bilayer mixes with the odd-parity ͑infrared-active͒ G OP mode. 17, 18 It is this phonon mixing that is revealed in our experiment. The observed breakdown of parity conservation is a direct evidence for inversion-symmetry breaking. The marked sensitivity of the phonon spectrum to symmetry properties allows us to quantitatively monitor the degree of inversion-symmetry breaking in a bilayer-graphene field-effect transistor ͑FET͒.
The Raman experiment is performed at room temperature on a bilayer-graphene FET ͑Ref. 13͒ that is gated with a polymer electrolyte, as described in Figs. 2͑a͒-2͑c͒. The transparent polymer electrolyte is composed of LiClO 4 dissolved in a poly-ethylene-oxide ͑PEO͒ polymer matrix ͑1:8 in weight ratio͒ and top gating is achieved with the insertion of a gold wire into the polymer electrolyte. 19 Figure 2͑d͒ shows schematically the charge-density and electric-field dis-
͑Color online͒ Inversion-symmetry operation on bilayergraphene lattice and its long-wavelength in-plane optical phonons. The four sublattices of the structure are represented by filled and unfilled circles with different colors ͑gray scales͒. The inversionsymmetry operation exchanges carbon atoms about the inversion center ͑black cross͒. The blue ͑dark gray͒ arrows between the graphene layers exemplify such rearrangements: the green ͑light gray͒ filled atoms are inverted into the positions of the red ͑dark gray͒ filled atoms, and similar changes occur in the unfilled carbon atomic sites. The brown ͑dark gray͒ arrows attached to the carbon atoms represent the relative sublattice motion of the in-phase phonon G IP ͑a͒ and the out-of-phase phonon G OP ͑b͒. Inversion leaves G IP invariant but flips the G OP lattice vibration.
tributions based on macroscopic Maxwell equations. 20 The electric field between the ion gating layer and bilayer graphene constitutes the capacitive coupling required for charge doping, while the field between the two graphene layers creates an electrostatic potential gradient that breaks the inversion symmetry of the electron system. Figure 3 reveals the impact of a varying gate voltage ͑charge doping͒ on the long-wavelength in-plane optical phonons in bilayer graphene. The observed G band changes its position and line shape, eventually splitting into two modes G + and G − with energy and spectral weight evolving as V t is tuned. From the approximate symmetry of the spectra evolution with respect to electron and hole doping, 13, 15, 21, 22 we estimate that the charge neutrality point occurs at a voltage close to V t Ϸ 1.2 V. This relatively large value is attributed to chemical doping from the polymer electrolyte. 19 Near this neutral point, the only phonon mode in the spectra is the G band broadened by electron-phonon coupling. [13] [14] [15] This band derives from the G IP lattice vibration shown in Fig.  1͑a͒ .
Figures 4͑a͒-4͑c͒ display the intensities, half widths, and peak energies of the two modes in Fig. 3 , as a function of carrier density n ͑or Fermi-level position E F ͒. These are extracted from simple fits of the G + and G − bands with two Lorentzian peaks. The two normal modes are seen to repel each other in energy, while simultaneously a striking reversal of the resonance intensities takes place. At low charge doping, close to the neutral point, the lower energy mode G − dominates. With increasing carrier density, the Raman intensity is gradually transferred into the higher energy mode G + . Since the OP lattice vibration ͓see Fig. 1͑b͔͒ has an energy close to the IP mode, it is quite tempting to assign the two peaks as G IP and G OP , respectively. In fact, such an interpretation was adopted by Malard et al. in Ref. 14 and the lower energy mode G − was identified as G OP . The argument was that G OP becomes Raman active because of breaking of inversion symmetry. 14 However, when parity is not conserved it is not clear if G IP and G OP can still be viewed as eigenstates of bilayer graphene. Furthermore, with increasing charge doping, one would expect that the G OP becomes more intense since there is a larger degree of inversion-symmetry breaking, while our data in Fig. 3 clearly shows that the intensity of G − decreases with charge doping. Thus we believe that the breakdown of Raman selection rules is too weak an effect to account for the experimental observations, and that Raman scattering from the G OP mode is negligibly small according to the experimental data. Instead, we propose, in agreement with Refs. 17 and 18 , that the appearance of two peaks indicates that the carbon displacements in the IP lattice vibration are shared between the two normal modes, G + and G − . The IP and OP lattice vibrations are no longer eigenstates of the system because the inversion symmetry is broken by the strong interlayer electric field. The resulting phonon eigenstates can be regarded as superpositions of G IP and G OP displacements. Consequently, both normal modes become Raman active and the peak intensity is determined by the size of G IP content within each mode.
We quantitatively analyze the Raman spectra using a simple coupled-mode description,
where E IP = ប IP − i⌫ IP , E OP = ប OP − i⌫ OP ͑⌫ is half width of the phonon͒, and g is the G IP -G OP coupling. 23 Solutions to Eq. ͑1͒ are given by 
so that the real and imaginary parts of E Ϯ , respectively, describe the energy and broadening of the G + and G − modes. Figures 4͑d͒-4͑f͒ present an analysis of the data using this model, where we have extracted the coupling strength, g, as well as the half widths and energies of G IP and G OP that underlie the G + and G − normal modes. 24 The relatively large width of G − ͓Fig. 4͑b͔͒ and G IP ͓Fig. 4͑e͔͒ for −0.1Ͻ E F Ͻ 0.1 eV is a result of Landau damping of lattice vibrations into electron-hole pairs, which was also observed in monolayer graphene. 21, 22 The evolution of G IP band with charge doping in bilayer graphene has been studied in several Raman experiments, 13, 15 with the results agreeing well with theoretical calculations. 16, 25 The G OP mode is infrared active by symmetry and two recent infrared spectroscopy studies of bilayer graphene did observe phonon signatures with a Fano shape. 11, 12 16 In light of such controversy, the analysis of our data offers a unique perspective into this intricate problem by giving a detailed evolution of the G IP and G OP energies. As shown in Fig. 4͑f͒ , it is clear that G OP has a higher energy at low densities. This result is also consistent with past studies of graphite 26 which can be viewed as an infinite repetition of the bilayer graphene. This energy difference is an important property of bilayer graphene that reflects the different electron-phonon coupling for IP and OP processes. 16 In fact, this property plus the softening of G OP and stiffening of G IP with charge doping 16, 17 are key elements that guarantee the degeneracy of the two modes at a certain Fermi energy: ϳ Ϯ 200 meV as determined in Fig. 4͑f͒ . Such degeneracies, together with the inversion-symmetry-breaking induced coupling, result in the anticrossing behavior observed in our experiment.
At E F Ϸ Ϯ 200 meV, the two peaks in the Raman spectrum have the same intensity as shown in Fig. 4͑a͒ because the resonant coupling partitions the Raman-active G IP equally to the G + and G − modes. The resonant energy splitting ␦E r , 8 cm −1 on the hole side and 6 cm −1 on the electron side ͓Fig. 4͑c͔͒, can be viewed as quantitative measurements of the broken inversion symmetry since the splitting vanishes in the limit of the unperturbed symmetric bilayer graphene.
Away from Ϯ200 meV, the two crossing branches of G IP and G OP energies evolve with charge doping. Their mutual coupling to electron-hole pairs with indefinite parity results in two anticrossing branches of G + and G − . The relative intensities of G + and G − reverse, reflecting the fact that G − ͑G + ͒ is dominated by the IP vibration at low ͑high͒ charge densities. This further demonstrates that G IP has a lower energy for charge neutral bilayer graphene, and that with charge doping, its energy eventually exceeds that of G OP . 16, 17 The charge-density dependences of G IP , G OP , G + , and G − have been calculated by Ando and Koshino using a phonon renormalization approach. 17 We plot the results of their calculations ͑solid lines͒ along with our data in Fig. 4 , and see that the theory agrees reasonably well with our experimental results when an analysis that accounts for particle-hole asymmetry is employed. 27 Note that in Fig. 4͑d͒ we have experimentally determined both the imaginary and real parts of the G IP -G OP coupling strength g. While there is no theoretical calculation for g, conceptually the coupling can be represented with processes described by the diagram in the inset of Fig. 4͑d͒ . These second-order processes take place via intermediate electronphonon interactions. Here the IP phonon creates an electronhole pair that subsequently interacts again with the lattice to recombine and emit an OP phonon.
28 This phonon-phonon interaction mechanism is forbidden when parity is conserved and g vanishes in the unperturbed bilayer graphene. The size of G IP -G OP coupling can thus be viewed as a useful gauge for the degree of inversion-symmetry breaking.
To conclude, the breaking of inversion symmetry in bilayer graphene by application of a polymer-electrolyte top gate results in a striking mixing of the optical phonon modes, with remarkable manifestations in Raman spectra. Our work indicates that the experimental determination of phonon mixing comprises a very sensitive tool for investigations of symmetry breaking in atomically thin electronic systems. ͑1͒ is obtained if we let the denominator of the spectral function equal to zero. 25 In this experiment we didn't observe the phonon anomaly of G IP expected at Ϯ0.1 eV ͑Refs. 13 and 16͒. This is most likely due to the large charge nonuniformity created by the polymer electrolyte. 26 R. J. Nemanich, G. Lucovsky, and S. A. Solin, Solid State Commun. 23, 117 ͑1977͒. 27 In the analysis of phonon energy evolution, we added a correction ͑0.016n 2 ͒ to the hole-doped G + and G IP to fit the particlehole asymmetric features in the data. This asymmetry might be due to the asymmetric band structure of the bilayer graphene ͑Refs. 7 and 8͒, as well as different changes in the lattice constant with electron or hole doping ͑Ref. 18͒. 28 G. D. Mahan, Many-Particle Physics ͑Plenum, New York, 1990͒.
